The effects of complex structure in the deep mantle and D on PKP differential traveltimes should be estimated accurately in order to reach reliable conclusions concerning the physical and chemical properties of the Earth's inner and outer core. In particular, it is important to assess how much of the data can be explained by mantle structure alone. For this purpose, we have assembled global data sets of high-quality PKP(AB-DF), PKP(BC-DF) and PcP-P differential traveltimes measured on mostly broad-band records. The PKP(AB-DF) data were inverted alone or jointly with PcP-P data, to retrieve P-velocity maps of the lowermost 300 km of the mantle. Corrections for mantle structure above D were performed prior to inversion using recent tomographic models and the fit to the PKP(BC-DF) data set was used to constrain damping in the inversions. We compare models obtained with and without polar PKP paths and find that their inclusion or exclusion does not significantly affect the resulting D model except under North America, where coverage is poor without polar paths. Our preferred model, obtained using PKP(AB-DF) and PcP-P data combined, explains over 80 per cent of the variance in PKP(AB-DF), almost 60 per cent of the variance in PcP-P and 27 per cent of the variance in PKP(BC-DF)-a significant portion considering that the PKP(BC-DF) data set was not used in the inversion. Our models are characterized by prominent fast features under mid-America and east Asia, a fast belt across the Pacific, a slow region under the southwestern Pacific and southern Africa, as well as sharp transitions from fast to slow, for instance under Alaska and the South Atlantic. The anomalous South Sandwich to Alaska data cannot fully be explained by D structure alone, unless very short-wavelength lateral variations are introduced. Models that allow for a modest level of constant transverse anisotropy in the inner core, compatible with normal mode splitting data, perform somewhat better, but still fail to explain the result of 2 s in PKP(BC-DF) residuals, on these anomalous paths.
While most studies of D use body waves turning in the mantle, the core phase PKP(AB), which interacts with D at grazing incidence ( Fig. 1) , can also be used to investigate lateral heterogeneity at the base of the mantle. Attempts at such studies were pioneered by Sacks et al. (1979) and Snocke & Sacks (1986) , who interpreted amplitude ratios of PKP(AB) and PKP(DF) in terms of heterogeneity in D . Sylvander & Souriau (1996) used PKP(AB-BC) differential traveltimes to retrieve P-velocity structure in the lowermost 300 km of the mantle. More recently, Bréger et al. (2000) showed, in a forward modelling experiment, that realistic modifications to existing lowermost-mantle tomographic models could explain most of the trends in the observed PKP(AB-DF) traveltime data, including variations with angle of the DF ray path, as measured at its bottom point, with respect to the axis of rotation of the Earth. These variations are generally interpreted in terms of simple models of anisotropy in the inner core, as first proposed by Morelli et al. (1986) . Bréger et al. (2000) proposed that the observed trends were largely as a result of the interaction of unevenly distributed PKP paths with the strong gradients of structure at the border of the African plume. There have also been attempts to retrieve core-mantle topography using PKP phases, with little agreement in the results, most probably caused by trade-offs between core-mantle boundary (CMB) topography and heterogeneity in D combined with the noisy character of the ISC data set used (i.e. Creager & Jordan 1986; Morelli et al. 1986; Rodgers & Wahr 1993; Garcia & Souriau 2000) .
There are two problems with using core phases to study D . First, the sampling of D achieved with the existing global data set is sparse, and makes it difficult to resolve the ambiguity in the location of the heterogeneity on the source or the station leg of PKP(AB) in D . This can be remedied, to some extent, by using PKP data as a complement to other mantle sensitive data, such as P traveltimes, as has been done recently by Kárason & van der Hilst (2000) . The second problem is that, by using PKP(DF) as a reference phase, we introduce potential biases owing to innercore anisotropy or heterogeneity. To avoid issues related to tradeoffs between inner-core anisotropy and mantle structure, PKP data corresponding only to quasi-equatorial paths (waves travelling at large angles with respect to the Earth's rotation axis) are generally considered for the study of D structure.
In the present study, we analyse a global data set of carefully measured PKP(AB-DF) traveltimes in an attempt to retrieve structure in the last 300 km of the mantle. We correct data for mantle structure using various existing P and S tomographic models, choosing the model that provides the best fits to our data sets. We complement the PKP(AB-DF) data set with a global data set of handpicked PcP-P differential traveltimes to help resolve any ambiguity in the location of heterogeneity on source or receiver sides. We have also collected a data set of hand-picked PKP(BC-DF) traveltimes, which we use as constraints on the overall damping in our inversions. We compare models obtained using subsets of PKP(AB-DF) traveltime data, in particular removing or including polar paths or the particularly anomalous paths corresponding to sources in the South Sandwich Islands and stations in Alaska, in order to assess what portion of the data set requires structure in the core. Finally, we also consider models in which we first correct the data for transverse isotropy in the inner core, at a level compatible with core mode splitting data.
D A T A S E T S A N D D A T A S E L E C T I O N
We use hand-picked PKP(AB-DF), PKP(BC-DF) and PcP-P data sets of the highest quality, from a variety of sources. Using differential traveltime data reduces biases of mislocation in space and time, as well as unwanted effects imposed by source and receiver structure, owing to the proximity of the paths of the two rays in the crust and the upper mantle (e.g. Cormier & Choy 1986; Creager 1992) (Fig. 1) . Any of these unwanted effects should have a similar influence on both rays, and thus can be significantly reduced.
PKP(DF) is taken as the reference phase in this study, because the coverage of D available using PKP(AB-BC) is much more limited owing to the narrow epicentral distance range at which PKP(BC) is present. We therefore need to carefully consider possible effects of the inner core. On the other hand, it allows us to experiment regarding trade-offs between mantle and core structure.
PKP(AB-DF) data set
Our own data set (subset 1) comprises differential traveltimes measured on vertical-component seismograms primarily from broadband digital stations, complemented by about 20 measurements from short-period records. Our data set represents an augmented version of that considered in Bréger et al. (2000) and referred to in Garnero (2000) . Measurements are done by applying standard techniques, such as the Hilbert transform (Fig. 2a) followed by crosscorrelation of PKP(DF) and PKP(AB) phases (Fig. 2b ) in order to measure the precise time-shift between these two arrivals. In our experience, the best data come from large (M b > 6) deep-focus earthquakes. However, we were able to make use of many shallow events with good signal-to-noise ratio. This involved identifying depth phases and comparing waveforms from several stations for the same event. We tried to process raw data without filtering whenever possible, and only in several instances do we bandpass-filter the broad-band waveforms between 0.5 and 2.0 Hz. The uncertainty in measurements is of the order of 0.1-0.2 s in most cases. However, difficulties in measurement sometimes arise when the shape of the Hilbert-transformed PKP(AB) phase does not match that of PKP(DF) very well, or when the first cycle of the PKP(DF) waveform is unusually broad, which is probably associated with high attenuation in the inner core (e.g. Souriau & Romanowicz 1996) . In such cases, the uncertainty in the measurement is about 0.5 s or larger, and such data were rejected following our low-tolerance approach.
In addition to measurement errors, we need to consider errors arising from source mislocation, even though we used relocated event parameters according to Engdahl et al. (1998) . For instance, in PKP(AB-DF) differential traveltimes, at epicentral distances of 150
• and 175
• , a 10 km error in the hypocentral location yields a differential time error of about 0.2 and 0.4 s, respectively. Similarly, at epicentral distances of 25
• and 75
• , a 10 km error in the hypocentral location would yield an error in PcP-P differential traveltimes of about 0.7 and 0.1 s, respectively. In summary, the total error in the differential residuals is estimated to be of the order of 0.5-1 s.
In order to obtain optimal sampling of D , we complemented our data set with three other existing subsets of hand-picked PKP data, from which all measurements qualified as 'poor' or worse were disregarded. Subset 2 comprises high-quality measurements from short-period instruments (McSweeney et al. 1997; Creager 1999) . Subset 3 contains mostly data from broad-band instruments of the GEOSCOPE network (Souriau, personal communication) . Finally, subset 4 comprises data derived from seismograms of a broad-band PASSCAL experiment in India (Wysession, personal communication) . To avoid redundancy of measurements, we had to set some selective criteria. We used our own complete data set as a starting point, and added the largest one of the three remaining data sets (subset 2), removing the repetitive measurements from it. Then, we added subset 3 and finally subset 4, repeating the procedure of removing the repetitive measurements. This procedure only slightly reduced the total number of measurements, since the four data sets are mutually complementary. The closer analysis of multiple measurements showed a great level of consistency among different seismogramreaders, which is not surprising, since we limited ourselves to only the highest-quality data. Furthermore, suspicious anomalous data were detected and rejected on the basis of cross-checking trends for individual stations and individual earthquake source regions.
Furthermore, in order to avoid too much emphasis on specific paths, we used the summary ray approach to reduce the number of data on oversampled paths. In particular, two events, one from the southern mid-Atlantic ridge (1990 April 30) and one located south of Africa (1993 March 29), were well recorded at the short-period Alaskan network and at short-period networks in California, respectively (McSweeney et al. 1997 ). An unusually good signal-to-noise ratio resulted in a couple of hundreds of picks, which we reduced to only about 20, by creating summary rays with respect to the epicentral distance and the azimuth. However, these measurements, along with others in Alaska, are of great importance in investigating the short-scale deep-mantle heterogeneity as shown in Romanowicz et al. (2001) .
The final data set comprises a total of 1329 high-quality PKP(AB-DF) differential traveltimes. We computed traveltime residuals with respect to the standard ak135 model (Kennett et al. 1995) accounting for Earth's ellipticity (Kennett & Engdahl, personal communication) , and after relocation according to Engdahl et al. (1998) . The traveltime residuals from the different subsets considered (after declustering as mentioned above) are displayed in Fig. 3(a) as a function of angle with respect to the rotation axis of the Earth (this angle is hereafter called ξ ). Fig. 3(a) shows that there could be two trends in the residuals. For angles of less than 35
• , residuals are shifted toward higher values on average, although a large scatter at ξ ≈ 30
• is evident. All five residuals available for ξ < 20
• are positive and greater than about 1.5 s. Taking a closer look at the traces from this group reveals that large residuals are mostly caused by advanced PKP(DF) arrivals with respect to the ak135 model that we use as a reference. Some specific paths are indicated on the same figure. The majority of the most anomalous data correspond to measurements obtained from the short-period Alaskan network from a single event on the South Atlantic mid-ocean ridge (1990 April 30, 54.28S
• , 1.27E
• ), and measurements originating from events at the South Sandwich Islands recorded at station COL in Alaska and stations SEY, NRIL and BILL in northeast Asia. In addition, there is one very anomalous measurement corresponding to PKP arrivals from the northern hemisphere (Svalbard region), recorded at station SPA (South Pole).
It is clear that models of constant anisotropy throughout the inner core cannot explain such data scatter, in particular, the range of over 5 s at ξ about 30
• . Between about 30
• and 45 • , residuals span over 7 s (from about +5 to −2 s). Adopting the definition of a quasi-eastern (longitude from +43
• E to +177
• E) and a quasi-western hemisphere of Tanaka & Hamaguchi (1997) yields results that are in agreement with the work of these authors (Fig. 3b) . Most of the largest residuals correspond to PKP(DF) turning in the quasi-western hemisphere. For the equatorial paths, the scatter is smaller for the quasi-eastern hemisphere, which is, on average, faster (e.g. Creager 1999 ). Furthermore, in the western hemisphere, except for the cluster of very anomalous paths around ξ = 30
• , very few data points are available to indicate the characteristic trend of progressively increasing anomaly for polar paths. In fact, all but one very polar path (ξ < 20
• , station SPA) have smaller residuals than the paths corresponding to slightly larger ξ .
PKP(BC-DF) data set
We have also assembled a high-quality PKP(BC-DF) data set, following the same selective criteria as in collecting PKP (AB-DF) data. This data set will not be used directly in the inversion, but rather to test how well the D model derived from PKP(AB-DF) and PcP data can explain the PKP(BC-DF) traveltime residuals. The advantage of PKP(BC-DF) is that the ray paths for the two branches are close together throughout the mantle, so that corrections for mantle structure (outside of D ) are less critical than for PKP(AB-DF). However, the sampling of D is rather poor for BC-DF. Also, the separation of the two phases is less than 400 km in D , so that BC-DF is best suited for studying short-scale heterogeneity at a regional scale, which is beyond the scope of our study. Testing the fit to PKP(BC-DF) of the D model obtained using PKP(AB-DF) and PcP-P can provide information on the scale of lateral heterogeneity in D , and on how much structure might be required in the core. (Kennett et al. 1995) and plotted with respect to the angle ξ between the PKP(DF) leg in the inner core and the rotation axis of the Earth. Standard ellipticity corrections were applied. All earthquake locations and origin times are corrected with respect to the relocation catalogue of Engdahl et al. (1998) . Some specific polar paths are indicated by numbers as follows: (1) Svalbard Sea to SPA; (2) 63N, 143W to SPA; (3) 79N, 124E to SPA; (4) 67N, 173W to SPA; (5) 60N, 153W to SPA; (6) mid-Atlantic ridge to Alaska; (7) South Sandwich Islands to COL; , where circles and pluses correspond to paths for which PKP(DF) bottoms out in the quasi-western and quasi-eastern hemisphere, respectively, as defined by Tanaka & Hamaguchi (1997) .
The PKP(BC-DF) data set used in this study also consists of four independent subsets. We used our own data set as a base, and added the largest one of the three remaining data sets (McSweeney et al. 1997; Creager 1999) , removing the repetitive measurements from it. Then, we added subset 3 (Tanaka & Hamaguchi 1997) and subset 4 (Souriau, personal communication) , repeating the procedure of reducing the repetitive measurements. The total number of data after declustering is 901. Traveltime residuals were calculated with respect to model ak135 and corrected for ellipticity, using relocated event coordinates from Engdahl et al. (1998) . In addition, we declustered the PKP(BC-DF) data set, following the same summary ray approach as described in the previous section on PKP (AB-DF) data. PKP(BC-DF) residuals from all four subsets are plotted in Fig. 4 (a) as a function of ξ . Comparing with Fig. 3(a) , it is clear that the scatter in equatorial PKP(BC-DF) data is less pronounced than in PKP(AB-DF) residuals. Residuals span roughly from 4.6 to −1.2 s and equatorial data are largely confined between ±1 s (compared with ±2 s for AB-DF). This is generally interpreted as being due to the fact that the paths of BC and DF are much closer than those of AB and DF in the mantle, particularly so in D .
In Fig. 4 (b), we plotted the PKP(BC-DF) data set with respect to ξ , distinguishing the two quasi-hemispheres, as defined above. The results confirm those of Tanaka & Hamaguchi (1997) (their Fig. 11 ) and Creager (1999) (his Fig. 2b , although his definition of hemispheres is somewhat different): the quasi-eastern hemisphere is faster on average, and does not show a strong trend of increasing residuals with decreasing angle ξ , in contrast to the quasi-western hemisphere. There are, however, other important observations: first, some very polar paths (10 • < ξ < 20 • ) have smaller residuals than paths corresponding to larger ξ , just as was the case for PKP(AB-DF). Second, for ξ between ≈20
• and 30
• , the data can be fit rather well with a steep linear trend, spanning almost 5 s in traveltime anomaly (from +4.6 to −0.3 s).
Just as for PKP(AB-DF), in order to fit the data in the western hemisphere with a constant transverse anisotropy model of the inner core as proposed by Creager (1992) , one needs to exclude the South Sandwich/South Atlantic to Alaska paths. Since DF is the common phase in both data sets, the simplest explanation, as proposed by Creager (1999) , is that the anomalous observations corresponding to these paths originate in the inner core. A recent analysis of Alaskan data indicates that this anomaly is sensed by both PKP(DF) and PKP(BC) and therefore must originate outside of the inner core .
PcP-P data set
To complement the PKP(AB-DF) data set with independent data that can help resolve the source/station side ambiguity, we measured 1219 PcP-P differential traveltimes. The compatibility of the data sets can be tested by comparing the models obtained using PKP(AB-DF) data alone, versus using the joint data set.
In selecting our PcP-P data set, we had to take into account the specific difficulties encountered with PcP measurements. PcP arrivals are very often buried in microseismic noise, especially for stations closer to the oceans. At epicentral distances larger than about 70
• (depending on focal depth), they are buried in the P-wave coda. The PcP-P measurements are also made more difficult by the interference of surface phases with PcP arrivals for shallow earthquakes. Again, we selected only high-quality vertical-component data from broad-band stations worldwide, assembling a unique global data set of hand-picked PcP-P traveltime residuals in the distance range from about 25
• to 75
• . The measurements are performed using the same waveform correlation methodology as described earlier for PKP. The residuals are computed with respect to the theoretical traveltimes from the ak135 model (Kennett et al. 1995) , using relocated event coordinates (Engdahl et al. 1998) , and corrected for ellipticity. Such calculated residuals vary in amplitude between −3 and 3 s. The residuals and coverage are shown in map form in Fig. 5 . While the global coverage obtained with PcP-P is far from complete, in areas where there is good coverage we note a high level of spatial coherence in the data. An area of particular interest is middle America, where the alternation of positive and negative residuals indicates sharp lateral gradients on scalelengths of several hundred kilometres in the deep mantle, in agreement with recent results based on ScS-S data (Wysession et al. 2000) .
C O R R E C T I O N S F O R M A N T L E S T R U C T U R E
Since we only invert for structure in the last 300 km of the mantle, to which the PKP(AB-DF) data set is most sensitive, we need to take into account the possible contribution of overlying mantle heterogeneity. For this, we correct the observed residuals using predictions from available global tomographic mantle models. We select the model that provides the best variance reduction for our data set by systematically testing five P mantle tomographic models. We introduce a scaling factor h, to allow for the uncertainty in the amplitudes of lateral variations inherent to tomographic inversions. The scaling factor h is defined as V p (new) = hV p (orig), where V p (orig) is the input tomographic model and V p (new) is a virtual (scaled) model. A 'good' original P model should yield h ≈ 1. If h > 1, the input model is overdamped, and if h < 1, it is either underdamped or, if combined with a small variance reduction, the distribution of heterogeneity may not be compatible with the PKP data set everywhere, so that the fitting procedure tends to minimize the contributions of the tomographic model.
For the purpose of the present study, we have calculated PKP(AB-DF) traveltime corrections for: (1) the whole mantle and (2) for the whole mantle without the lowermost 300 km thick layer. Paths from the same source region (sphere of radius r = 100 km) sampling the same block (5
• × 5 • ) at CMB were grouped and weighted prior to calculating variance reduction, according to criteria of similar sampling in the mantle. For instance, for the PKP(AB-DF) quasiequatorial subset, out of 1239 PKP(AB-DF) ray pairs, we formed 610 bins with single rays, 126 bins with two rays and 82 bins with three or more rays. five different global P-velocity mantle models (Obayashi & Fukao 1997; van der Hilst et al. 1997; Vasco & Johnson 1998; Boschi & Dziewonski 2000; Kárason & van der Hilst 2001) . The model that gives the best variance reduction is that of Kárason & van der Hilst (2001) , hereafter called KH2001 for the whole mantle, and KH2001m for the mantle stripped of the lowermost 300 km. For this model (as for others too), the best-fitting h is less than 1. It is closest to 1 when the bottom layer of the mantle is excluded, although in that case, the variance reduction is smaller. We infer tentatively that the detailed distribution of heterogeneity predicted by the tomographic P models is not perfectly compatible with the PKP data, particularly in D , or that, possibly, all the P models are underdamped. We repeated the same experiment for the PcP-P data set, which is not affected by structure in the core, and furthermore, none of these data have been used in the construction of the tomographic models being tested. Interestingly, the KH2001 model also gives the best variance reduction in this case, of a similar amplitude (Fig. 6b) . This indicates that the choice of the KH2001 model does not reflect a circular argument, as one might assume, given that some of the PKP(AB-DF) data (measured by McSweeney et al. 1997; Creager 1999) were used in the construction of KH2001. The experiment with PcP-P gives somewhat larger scaling coefficients than for PKP(AB-DF), close to 1 for the model stripped of the last 300 km of the mantle (KH2001m), indicating that overdamping is not the main factor leading to scaling factors smaller than 1, when PKP(AB-DF) data are used. Rather, there is indeed some distribution of heterogeneity sampled by the PKP(AB-DF) data set that is not present in KH2001. Thus, although the best-fitting model for PKP(AB-DF) is for h < 1, we prefer to use the original model (h = 1) to correct residuals for mantle structure.
Relatively low percentages of variance reduction in both data sets open the question of how well modelled the lowermost-mantle layer is, in tomographic models. Our analysis shows that it is reasonable to assume that present mantle models can account for about 20-25 per cent of the variance in equatorial PKP(AB-DF) differential traveltime data. The P-velocity model KH2001m is our preferred model for correcting both PKP(AB-DF) and (PcP-P) traveltimes owing to larger variance reduction in comparison with other P models. Various S models (Grand et al. 1997; Masters et al. 1999; Gu & Dziewonski 2000; Mégnin & Romanowicz 2000) have also been tested with depth-dependent scaling factors (Tkalcić & Romanowicz 2000) , however, they yield a smaller variance reduction in both PKP and PcP data sets, possibly indicating a lack of systematic correlation between P-and S-velocity heterogeneity in D (e.g. Wysession et al. 1992) .
Recently, Bréger et al. (2000) , showed by forward modelling that the trend in PKP(AB-DF) residuals with respect to the angle ξ can be explained to a large extent by structure in D . According to another study (Creager 1999) , polar PKP(AB-DF) data show no correlation with the predictions from mantle models, concluding that there appears to be no significant contamination of the anisotropy signal by mantle structure. By using the model KH2001, we calculated correlation coefficients between mantle predictions and the PKP(AB-DF) residuals, for the case of the complete data set and for the case of equatorial and polar subsets only (by using an arbitrary angle ξ = 35
• to separate the two subsets of data). The results are shown in Table 1 .
Correlation coefficients between observations and predictions are relatively high for both PKP and PcP data, especially for the polar subset. This is expected for PKP, since KH2001 is constructed by Table 1 . Variance reductions and correlation coefficients between observed and predicted subsets of data used in this study (after weighting was applied on the paths with similar geometry through the mantle). First and second columns refer to the whole mantle model by Kárason & van der Hilst (2000) , referred as KH2001 in the text, while third and fourth columns refer to the same model stripped of the lowermost 300 km (KH2001m). including some manually picked PKP data, although previously corrected for inner-core anisotropy. Furthermore, variance reductions are best for the polar PKP data set, which could indicate a contribution of mantle structure to the trends seen in the polar paths. When we exclude the lowermost 300 km of the mantle, variance reduction for polar PKP subset drops significantly, while it increases in the case of the equatorial subset.
Since PcP-P may be more sensitive to mantle structure above D than PKP(AB-DF), we have investigated whether it makes sense to attribute the observed variations in PcP-P traveltimes to structure in D . Fig. 7 shows the average relative velocity anomaly in D required to explain PcP-P residuals, as a function of the length of the PcP path in the lowermost 300 km of the mantle. The data have been corrected for the mantle above D using the KH2001m model. The length of path in D increases with epicentral distance, while the phases PcP and P have increasingly similar paths in the mantle. The range 700-1600 km corresponds to the epicentral distance range 30
• -75
• . If the tomographic model used to correct for the effects of the rest of the mantle is sufficiently accurate, Fig. 7 shows that, because of decreasing residuals with distance, to first order, the scalelength of heterogeneity that contributes to the observed residuals must be less than about 1000 km, which is in agreement with the lateral variations seen in Fig. 5 . Because the residuals are organized symmetrically around the mean, we also infer that there are as many domains of faster than average velocities and of slower than average velocities. Thus, if there are domains of ultralow-velocity zones (e.g. Garnero et al. 1998) , there must also be zones of very high velocity, in agreement with a recent suggestion based on observations of Sc P waveforms (Castle & van der Hilst 2000) . On the other hand, if model KH2001m does not adequately account for structure above D , the trends observed in Fig. 7 could be at least partly explained by the decreasing separation between the two phases as the distance increases. into the core (their legs sampling the lowermost 300 km of the mantle would projects as points since they traverse that layer at almost vertical incidence).
I N V E R S I O N Global sampling and parametrization
hits per block in some areas, e.g. the South Sandwich Islands, exceeds 100. Better sampling in certain regions does not increase the reliability of the inversion results proportionally in the same regions, as it is very important to have crossing paths coming from different azimuths, in particular because of the problem of trade-off between the source and the receiver side of D . An example of such a potential resolution problem is for the numerous paths stretching from the South Sandwich Island region to North America for which there are not many crossing paths in North America. A comparison between Figs 5 and 8 shows that inclusion of PcP-P data helps to improve sampling in Asia, mid-America and Africa, and should help resolve source-receiver ambiguity in PKP on the paths between South Atlantic and Asia.
Although somewhat arbitrary, we use 300 km as a thickness for the D layer, bearing in mind that fixed thickness trades off with the size of heterogeneity. We use two types of cell parametrization in this layer. In the first case, the layer is divided into a regular equiangle block grid with blocks of size 5
• × 5 • (Fig. 9a) . At the CMB depth at the equator, this is about 300 × 300 km 2 which is comparable to the layer thickness. In the second case, the layer is divided into a variable-size block grid (Fig. 9b) . We devised a scheme to define the variable-size blocks based on sampling. Each block should have at least three hits and we increase the size of the block by coalescing neighbouring blocks until the minimum hit count is reached. The largest cell size is set to be 10
• × 10
• . If a cell shape with a number of counts ≥3 cannot be found, then that region is rejected and excluded from inversion (white areas in Fig. 9b ). Our algorithm produces a more uniform geographical distribution of counts and the 'allowed' shapes are chosen in such a way that the final grid does not consist of excessively elongated shapes, but rather ones with aspect ratio close to 1 (in contrast to Bijwaard et al. 1998) . This technique allows us to preserve relatively small-sized blocks in regions with good coverage, while at the same time increasing the size in unsampled regions (compare Figs 9a  and b) .
Linear inversion is done by using lower triangular-upper triangular (LU) decomposition algorithm (Press et al. 1988) , and by adding various damping factors to diagonal elements. We did not use any smoothness criteria, as several studies have documented strong lateral gradients of structure in D and we wish to preserve those. The blocks that are not sampled are omitted, thus reducing the number of columns in the matrix. The variable size block approach ensures that the models obtained will not be strongly contaminated by the effects of undersampling.
In Fig. 10 , we show an example of a resolution test. We constructed a synthetic model with a checkerboard pattern in D (a single layer), with the same size of heterogeneities as the size of the grid used in parametrization of our models (Fig. 10a) , and no structure in the core. The output model for the optimal damping (as discussed below) and the entire PKP(AB-DF) and PcP-P data set is shown in Fig. 10(b) . The comparison with Fig. 7 confirms that the best results are obtained in well-covered regions (note that the projection in Fig. 8 is centred on Africa in order to emphasize the polar paths from South Atlantic to Alaska, while the projection in Fig. 10 is centred on the Pacific). Non-sampled blocks are shown as white, non-gridded areas.
D I S C U S S I O N O F R E S U L T I N G M O D E L S
We have derived a series of models of P-velocity anomalies in D using different subsets of data, in order to investigate the effect of including or excluding polar/anomalous paths in the inversion, the constraints provided by the PcP-P data set, and the effects of accounting for simple inner-core anisotropy structure. The resulting Table 2 . Description of models and data sets used in their construction. It is also indicated which corrections are applied to data before the inversion. Data: complete PKP (AB-DF) dataset + PcP-P dataset. Corrected for: KH2001m and TR95 before inversion models are labelled according to a scheme described in Table 2 for the models without and with inner-core anisotropy, respectively. In both cases, we have considered inversions with three different subsets of PKP data:
(1) the entire data set; (2) excluding quasi-polar data (angles ξ < 40 • ); (3) excluding anomalous paths between the South Atlantic and Alaska, but including other quasi-polar paths.
Prior to inversion, we corrected PKP(AB-DF) and PcP-P data for mantle structure above D , using model KH2001m. In the series of inversions 'with' inner-core anisotropy, we also corrected the PKP(AB-DF) residuals for the particular inner-core anisotropy model considered. We tried several recent models (Creager 1992; Durek & Romanowicz 1999; Tromp 1993 Tromp , 1995 .
In order to constrain the choice of damping in the inversions, we compute the fit to the PKP(BC-DF) data set and keep the model that provides the best fit to this data set. This will be discussed more extensively below.
The models derived using only PKP(AB-DF) data are not shown, for the sake of space. They are quite compatible with the models obtained using both PKP(AB-DF) and PcP-P, as can be assessed from the correlation coefficients shown in Table 3 , except under southeastern Asia, where structure could not be well resolved with PKP(AB-DF) data alone (caused by source-station ambiguity, which is resolved by the inclusion of PcP-P data). Since the joint PKP/PcP inversions correspond to better sampling of D , we concentrate on discussing those. The models obtained using the complete PKP(AB-DF) data set are shown in Fig. 11 . Prior to plotting the models, we smoothed them using a 3 × 3 blocks moving-average scheme and removed the mean. For the models with inner-core anisotropy, the best fit to PKP(BC-DF) is obtained when correcting for the radially dependent model of inner-core anisotropy derived to fit both normal mode and traveltime data (Tromp 1995) . We further refer to this model as TR95. The resulting D model, labelled as TRH KCa, is shown in Fig. 11(b) .
The correlation coefficient between models TRH KCa and TRH KC (Fig. 11, Table 3 ) is 0.71. Although amplitudes of Pvelocity anomalies in TRH KCa are weaker (note the change in colour palette), the distributions of anomalies in D are very similar. Both models show prominent fast features in eastern Asia, Arabian Sea, South Atlantic, Carribean Sea and Alaska, as well as slow features in the southwest Pacific and under southern Africa. There is a horizontal band of fast velocities across the North Pacific, which is in agreement with some P models derived from ISC data (e.g. Obayashi & Fukao 1997; Vasco & Johnson 1998; Boschi & Dziewonski 2000) . Slow anomalies are observed under North America (somewhat stronger in model TRH KC) which is not consistent with most P models derived from ISC data (e.g. Obayashi & Fukao 1997; Vasco & Johnson 1998; Boschi & Dziewonski 2000; Kárason & van der Hilst 2000) , but is consistent with the results of Sylvander & Souriau (1996b) and the S-velocity model of Masters et al. (1999) .
In general, TRH KCa does not differ much from TRH KC, except south of Africa where TRH KC has negative and TRH KCa positive anomalies. Sharp transitions from fast to slow in the southern Atlantic, as well as in central America are present in both models. We will discuss the fits to the PKP(BC-DF) data extensively below.
In Fig. 12 , we further consider the influence of anomalous/polar paths on the inversions in which we do not correct data for innercore anisotropy. The models are shown here in a different, polar projection, emphasizing the regions that might be most affected by the inclusion or exclusion of polar paths. Model TRH KC, which includes all data, is shown again in Fig. 12(a) , while Figs 12(b) and (c) show models TRH KCeq (no equatorial paths) and TRH KCnsa (no South Atlantic to Alaska paths), respectively, as defined in Table 2 .
All three models show generally good agreement, as can also be assessed from Table 3 , which shows that correlation coefficients are between 0.76 and 0.93 for these models. When polar paths, which might be significantly affected by inner-core anisotropy, are excluded (model TRH KCeq, Fig. 12b ), the coverage of D decreases significantly under North America and the Atlantic Ocean. However, faster regions in the South Atlantic and mid-America remain stable after removal of the polar paths. The only prominent difference between this and the TRH KC model (Fig. 12a) is the slow region beneath North America, which is not sampled by These one-layered models represent P-velocity perturbations with respect to model ak135 (Kennett et al. 1995) in the bottom 300 km of the mantle. TRH
KC was obtained by inverting PKP(AB-DF)
and PcP-P data simultaneously, without inner-core anisotropy. For TRH KCa, the same data set was inverted, but first corrected for the transverse isotropy model of Tromp (1995) . Blackened areas represent non-sampled regions.
Figure 12.
One layer models of P-wave velocity perturbations in the lowermost 300 km of the mantle, obtained from different combinations of data, as described in Table 2 equatorial paths only. However, we saw in Fig. 11 that this region remains mostly slow even when anisotropy is accounted for. Although the number of hits per block under some parts of North America exceeds 10, there is not a substantial number of mutually crossing paths (Fig. 8) . The reason for this is that there are numerous stations, but fewer useful earthquakes in that region. Most of the data that account for coverage under North America come from sources in the South Atlantic, in particular from the South Sandwich Islands region, and they are recorded by the Alaskan network. Hence, we could be mapping anomalies from the source side on to the receiver side of D . This could be addressed with some PcP data in North America. Unfortunately, at the moment there are not enough such data, mainly owing to the lack of earthquakes which would produce PcP waves that sample the D under North America. We considered this problem by removing all PKP paths from the South Atlantic to Alaska (a total of 90 paths after declustering) and performed the inversion for the remaining data set (including polar paths). The model we obtain in this way (TRH KCnsa, Fig. 12c) is very similar to model TRH KC, with the only difference being in the amplitude of the low-velocity region under North America. However, the fast anomaly under the South Sandwich Island region still remains after the exclusion of these specific paths.
Note that the low velocities obtained southeast of South America and adjacent to high velocities in the southernmost Atlantic, are consistently present in Figs 12(a) and (c), and in good agreement with the PcP-P residuals map in Fig. 5 . They do not depend on the inclusion of the very anomalous South Atlantic to Alaska paths. In Fig. 12(b) , on the other hand, the same pattern is still visible, but with a somewhat weaker amplitude. Only the low velocities under the Canadian Shield are clearly dependent on the inclusion of South Atlantic to Alaska paths. Fig. 5 does seem to indicate, however, that PcP-P senses some low velocities, where there is coverage.
Using our irregular-size cell algorithm, we inverted the PKP(AB-DF) data set without the polar paths, with and without including PcP-P data and obtained very similar models as in the regular block size inversion (coefficients of correlation of 0.94 and 0.94, respectively). Fig. 13(a) shows variance reduction in PKP(AB-DF) data as a function of varying damping factors, by combining KH2001m with various D models as defined in Table 2 . There is a direct trade-off between variance reduction and the level of P-velocity heterogeneity in D . As the damping factor grows, the percentage of blocks with P-velocity perturbation exceeding ±1 per cent drops, as illustrated in Fig. 13(b) . It can been seen that the TRH KC model at optimal damping has ≈15 per cent of the blocks exceeding ±1 per cent. The value of the maximum amplitude of anomalies for optimal damping in the TRH KC model is ±2.2 per cent. Without other geophysical constraints on the strength of heterogeneity in the lowermost mantle, it is very difficult to estimate the appropriate damping to be applied from these curves. However, we can use our PKP(BC-DF) data set, not used in the inversion process, to constrain damping, by estimating which value of damping provides the model which best fits this data set.
Fits to the data
In Fig. 14, we show variance reductions, as a function of the damping parameter chosen, for the complete PKP(BC-DF) data set, calculated by combining predictions from D models (Table 2) with KH2001m. Fig. 14 shows that the best fits to the complete PKP(BC-DF) data set are achieved for the models constructed using the complete PKP(AB-DF) data set, and that an optimum damping parameter around 2.5-5 × 10 5 is clearly defined. This damping parameter is chosen for the final model TRH KC shown in Figs 10(a) and 11(a). Models TRH K and TRH KC provide the best fit and explain about 27 per cent of the variance in PKP(BC-DF). Given how close the BC and DF legs are in D , for any given path, it is remarkable that such a large portion of the variance in PKP (BC-DF) can be explained by our relatively coarsely parametrized models.
Next, we examine observed and predicted residuals for models obtained using PKP(AB-DF) and PcP-P data, and the respective optimal damping parameters. We show a comparison of the observed and predicted residuals as a function of the angle ξ for TRH KC, TRH KCeq and TRH KCnsa in Figs 15(a)-(c) , respectively. The cluster of very large observed residuals that is not completely explained by our models corresponds to very specific paths from the South Atlantic to Alaska and the South Atlantic to northern Asia (mostly for the event in the South Atlantic mentioned earlier). However, between ξ = 20
• and 45
• , model TRH KC is able to explain a range of 6 s. It also successfully explains the larger scatter of 'equatorial' data as opposed to 'polar' data. Fig. 15(d) shows the predictions of model TRH KCa combined with the corresponding inner-core anisotropy model and with KH2001a. Fig. 15(e) shows, for reference the predictions of the inner-core anisotropy model alone. The variance reduction in the PKP(AB-DF) data set is only 17.6 per cent when only inner-core anisotropy is considered, and the distribution of the predictions does not match that of the data. Combining inner-core anisotropy with TRH KCa and KH2001m, we obtain a variance reduction of 82.4 per cent, a value that is slightly less than for model TRH KC (with KH2001m, Fig. 15a ). However, some polar data at angles ξ < 30
• are explained slightly better. Figs 16(a)-(c) show the predictions for PcP-P residuals, obtained using model KH2001m, combined with models TRH KC, TRH KCeq and TRH KCnsa, respectively. More than 50 per cent of the variance in PcP-P can be explained by any of the models, which indicates that:
(1) a significant portion of the variance in PcP-P is attributable to D , as previously inferred from Fig. 7 ; and (2) the inclusion of polar paths is not incompatible with the constraints from PcP-P.
Finally, we analyse the fits to the PKP(BC-DF) data set obtained for the different models. Fig. 17(a) shows the PKP(BC-DF) observed and predicted residuals as a function of ξ for model TRH KC (with KH2001m). The scatter in equatorial paths is well explained, however, this model does not explain the large residuals for polar paths. Fig. 17(b) shows the predictions of the inner-core anisotropy model alone. This model does not explain the scatter in the equatorial data, but it explains the larger residuals on polar paths better, resulting in an overall variance reduction of 44.2 per cent, compared with only 27 per cent for model TRH KC. The combination of the innercore anisotropy model, corresponding to the D model TRH KCa and KH2001m results in a slight improvement in variance reduction (54.5 per cent, Fig. 17c) . Adding the D model helps to explain more of the scatter on equatorial paths. However, a large portion of the most anomalous data near ξ = 30
• still remains unexplained (at least 2 s).
D I S C U S S I O N A N D C O N C L U S I O N S
We inverted a large data set of hand-picked PKP(AB-DF) and PcP-P traveltime data to retrieve the P-velocity structure of the lowermost 300 km of the mantle, after correcting for overlying mantle structure, using the tomographic P model, stripped of the last 300 km of the mantle, which provides the best fit to both data sets (KH2001m). We demonstrated that the exclusion or inclusion of polar paths does not change the derived P-velocity model of D significantly, except in areas where coverage is provided only when polar paths are included (mostly for North America).
Our results demonstrate that, with a significant number of highquality PKP differential traveltime data, we are able to retrieve D maps that are compatible with maps obtained using independent body-wave data sets. The combination of our preferred D model and KH2001m can explain over 80 per cent of the variance in PKP(AB-DF) and over 50 per cent of the variance in PcP-P, as well as a significant portion of the variance in our PKP(BC-DF) data set (close to 30 per cent), not used in the inversion.
We showed that accounting for a radial model of inner-core anisotropy, compatible with normal mode splitting data, prior to inversion, produces a model of D that is very similar to the models for which inner-core anisotropy is not included, although with smaller amplitudes of lateral variations. Such a model, combined with KH2001m, results in better predictions of PKP(BC-DF), but degrades slightly the predictions of PKP(AB-DF) residuals. There remains a significant portion of the PKP(BC-DF) residuals on anomalous paths between the South Atlantic and Alaska, which this type of model, combining simple, axisymmetric anisotropy in the inner core and D heterogeneity at intermediate wavelengths, cannot explain.
In areas of good coverage, our models TRH KC and TRH KCa provide stable and reliable maps of lateral variations of velocity in D at a scalelength of several hundred kilometres. The next step is, on the one hand, to improve the coverage by incorporating other hand independent data such as Pdiff-PKP at appropriate distance ranges, and, on the other hand, to examine short-scale variations in D structure as can be addressed using dense arrays such as that in Alaska. This will be addressed in forthcoming contributions.
In the present study, we have also ignored possible contributions from core-mantle boundary topography, which could possibly further improve the fits to our data sets (e.g. Creager & Jordan 1986; Morelli et al. 1986; Rodgers & Wahr 1993; Obayashi & Fukao 1997) .
